Background: Congenital disorders of glycosylation (CDG) are usually diagnosed by isoelectric focusing (IEF) of serum transferrin (Tf). The aim of this study was to evaluate capillary zone electrophoresis (CZE) as a diagnostic alternative for IEF. Methods: We performed 792 CZE analyses of Tf, using the CEofix TM -CDT (carbohydrate-deficient transferrin) assay. Peak identification was based on relative migration times (RMTs) to reduce migration variability.
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Background: Congenital disorders of glycosylation (CDG) are usually diagnosed by isoelectric focusing (IEF) of serum transferrin (Tf). The aim of this study was to evaluate capillary zone electrophoresis (CZE) as a diagnostic alternative for IEF. Methods: We performed 792 CZE analyses of Tf, using the CEofix TM -CDT (carbohydrate-deficient transferrin) assay. Peak identification was based on relative migration times (RMTs) to reduce migration variability.
Results: Tf profiles comprised three main groups (A-C).
Groups A and B were characterized by one or two dominant tetrasialo-Tf peaks, whereas group C showed a widely variable Tf isoform composition. Group A was composed of four subgroups: a major group with a typical Tf profile (considered as reference group), two minor groups with decreased or moderately increased trisialo-Tf isoform, and a group showing the presence of unknown compounds with RMTs similar to mono-and disialo-Tf. However, these compounds were absent on IEF. Group C contained all profiles from patients with confirmed as well as putative CDG. From the reference group, 99% confidence intervals were calculated for the RMTs of the Tf isoforms, and percentiles representing the Tf isoform distribution were defined. Conclusions: All patients with abnormal IEF and confirmed CDG were identified by CZE; thus, this method can be used as a diagnostic alternative to IEF in a manner suitable for automation. Because whole serum is analyzed, it should be kept in mind that CZE profiles can show substances other than Tf.
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Congenital disorders of glycosylation (CDG) 3 syndromes are a rapidly growing group of genetic diseases characterized by defects in the synthesis of the glycan moieties of glycoconjugates (1) (2) (3) . The discovery of these diseases was based on the observation by Jaeken et al. (4 ) of unusual serum protein abnormalities in the two princeps patients, namely, decreased serum thyroxine-binding globulin and increased arylsulfatase A activity. The search for a defect common to these and other proteins finally pointed to the glycan moiety because sialic acid deficiency of serum transferrin (Tf) was strongly suggested by cathodal shift of the sialotransferrins on isoelectric focusing (IEF) (5 ) . IEF of Tf remains the cornerstone of the diagnosis of these diseases, although IEF of other proteins, such as serum ␣ 1 -antitrypsin (6 ), has been used. IEF, however, is a labor-intensive and time-consuming technique not suitable for automation.
In 1986, Stibler et al. (7 ) reported a relationship between carbohydrate-deficient transferrin (CDT) in serum and chronic alcohol consumption. In the search for a suitable clinical diagnostic test for alcohol abuse, several analytical procedures, such as IEF (8 ) , IEF in combination with immunofixation (9 ), zone immunoelectrophoresis (10 ), Western blotting (11 ), anion-exchange chromatography (7 ), and chromatofocusing (12 ) , have been used. The problems encountered in CDT analyses using capillary zone electrophoresis (CZE) (8, 13, 14 ) were later resolved by an improved CZE method requiring only iron saturation as sample pretreatment (15) (16) (17) and the use of dynamically coated capillaries (18 ) . The CEofix TM -CDT assay (Analis) is the first commercial buffer system combining the advantages of dynamic coating with simplicity of sample pretreatment and analysis (19 -22 ) .
The present study aimed to evaluate CZE as an ana- 
Materials and Methods participants
In the last decade, Ͼ7300 IEF analyses of serum Tf have been performed in our laboratory. The majority of these samples (98%) were from patients for whom a Tf IEF analysis had been requested as a diagnostic tool for CDG. The clinical spectrum and biochemical features of CDG have been reviewed extensively by Jaeken et al. (1 ) . The remaining 2% of the samples were from some of the parents of these patients. Chronic alcoholism was excluded in all individuals by the referring physicians. Serum samples from referring centers were transported on dry ice. In-house blood samples were collected in evacuated serum tubes, centrifuged on arrival, and stored at Ϫ20°C until IEF or CZE analysis was performed.
For the present study, 792 samples were analyzed by CZE. A total of 743 samples (426 form males; 317 from females) were obtained from the patients and 49 (22 from males, 27 from females) were from the parents of some of the patients ( cze analysis of Tf CZE analyses were performed in uncoated fused-silica capillaries (50-m i.d.; effective length, 50 cm) on a Beckman Coulter P/ACE 5000 system equipped with a single-wavelength ultraviolet absorbance detector and an interference filter at 214 nm. The buffer system and separation procedure of the CEofix-CDT assay (Analis) were used. Before each analysis, equal volumes of serum sample and iron solution (supplied with the assay reagents) were mixed and centrifuged for 1 min at 13 000g. The capillary was rinsed sequentially under pressure with a polycation-containing buffer (initiator) and a separation buffer containing a polyanion for 1.5 min and 2 min, respectively. An external standard solution (5 mmol/L S A and 2.5 mmol/L S B in 0.2 mol/L Tris-HCl buffer, pH 8.5), water, the pretreated serum sample, and again water were then injected under pressure for 3, 1, 7, and 1 s, respectively. Separation proceeded for 9 min at a constant voltage of 28 kV. Finally, the capillary was rinsed with 0.2 mol/L NaOH for 1.5 min, followed by a rinse under pressure at constant current (100 A) for 1 min. Corrected peak areas were calculated by the Beckman integration software.
reference group
Samples obtained from patients (n ϭ 534) and parents (n ϭ 41) formed a reference group because of their normal IEF and CZE profiles (20 ) . This group should not be considered as a "normal" group.
data management and evaluation

Microsoft
® Visual Cϩϩ, Ver. 6.0, was used to build appropriate software for data management. Data representing CZE electropherograms, migration times, and corrected peak areas were obtained from the Beckman software. The threshold and minimum peak width for integration were set at 0.01. A minimum area of 125 was used for peak acceptance. This value corresponded to 0.05% of the mean total Tf area. Because migration times in CZE are often subject to variability, two external standards (S A and S B ) were selected so that their electrophoretic mobilities sandwiched the electrophoretic mobilities of the Tf isoforms. The corresponding migration times (MTs) were used to calculate relative migration times (RMTs). Two types, indicated as RMT A and RMT B are proposed dependent on whether a contribution of the protein has to be taken into account. The RMT A of compound X (RMT A.X) is defined as:
MT X , MT S A , and MT S B represent the migration times of compounds X, S A , and S B. Tf isoforms therefore all have a RMT A value in the range 0 -1. The RMT B of compound X (RMT B.X ) is defined as:
MT X and MT 4 represent the migration times of compounds X and tetrasialo-Tf. Eq. 1 only eliminates experimental variation, whereas Eq. 2 also eliminates variation resulting from the protein core.
statistics
The level of significance was set at 0.01. A single-factor ANOVA was used for comparing mean RMT B values of groups differing in age or sex.
We used n ϫ 2 contingency tables to evaluate whether the frequency of 0 area values for monosialo-Tf were biased by the total Tf concentration or whether the distribution of the asialo-Tf isoform with age in group A was uniform, respectively.
Results
Tf isoform variation
Despite the use of dynamically coated capillaries, migration times may still vary considerably over a longer period of time and after a large number of analyses. Fig.  1A shows the frequency distribution of all peaks detected within the 5-8 min time interval in the electropherograms of the reference group. This frequency distribution, however, does not reflect a normal Tf isoform profile (20 ) . In panels B and C of Fig. 1 , the migration times of the same peaks are expressed as RMT A and RMT B , respectively. RMT A values reduce the frequency distribution to a simpler pattern in which the experimental variability (Fig.  1B) is eliminated, whereas RMT B values in addition eliminate the variation originating from Tf polymorphisms (Fig. 1C) .
All CZE profiles could be assigned to three main groups with several subgroups. Figs. 2 and 3 show several types of CZE profiles and their corresponding IEF patterns. In group A (Fig. 2) , characterized by a single tetrasialo-Tf peak, A1 represents the reference group with a "typical" Tf profile and shows the references S A and S B .
In group A, trisialo-Tf had the highest variability. Therefore, two more subgroups were defined: A2, with tri- sialo-Tf less than disialo-Tf; and A3, with trisialo-Tf greater than pentasialo-Tf but Ͻ15% of the total Tf amount. In A4, small compounds are located at the site of mono-or disialo-Tf but are absent on IEF. In group B, two tetrasialo-Tf peaks were present, corresponding to genetic variants of Tf (24 ) . In group C (Fig. 3) , subgroups C1-C3 In group A (a single tetrasialo-Tf peak), subgroup A1 represents the reference group with a normal Tf profile, including the external standards S A and S B ; in subgroup A2, the concentration of trisialo-Tf is less than that of disialo-Tf; in subgroup A3, the concentration of trisialo-Tf is greater than that of pentasialo-Tf, but trisialo-Tf accounts for Ͻ15% of total Tf. In subgroup A4, compounds are located at the site of mono-or disialo-Tf but are absent on IEF. In group B, two tetrasialo-Tf peaks are present, representing normal profiles for Tf protein variants. Groups C1-C3 represent profiles among patients with conformed CDG-I, CDG-II, and CDG-IIa, respectively. In group C4, trisialo-Tf is highly increased, whereas group C5 contains samples with heterogeneous Tf profiles. CZE and IEF profiles are in accordance.
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represent the profiles obtained from CDG patients. C1 comprises profiles from CDG-Ia and other CDG-I patients, whereas C2 combines all profiles but one from CDG-II patients. C3 contains a single patient with CDGIIa (25 ) . Subgroups C4 and C5 combine patients with unexplained CDG. In subgroup C4, trisialo-Tf is high (18 -47% of the total Tf area), and C5 combines heterogeneous Tf profiles, one of which is shown.
Tf isoform identification
As shown in Fig. 1C , Tf isoforms can be identified by their RMT B because of the small dispersion. Although the group was heterogeneous in terms of age and sex (Table  1) , there was no statistical difference between sexes, not only within each age group but also between the age groups. The entire group was therefore used to calculate the mean RMT B value and corresponding SD ( Table 2) . From these data, 99% confidence intervals were calculated and used for Tf isoform identification (Fig. 4) . The algorithm describing the identification procedure was verified by comparing the result with the corresponding IEF pattern.
Tf isoform distribution
The relative concentration of a particular Tf isoform in the reference group was expressed as a percentage of the total Tf area. Asialo-Tf was not taken into account. The monosialo-Tf isoform was not biased by the total amount of Tf present in the sample. Table 3 summarizes the most common percentiles. According to Arndt (26 ) and under physiologic conditions, asialo-Tf is present at concentrations Ͻ0.5% of the total Tf. This conclusion, applied to the data for group A, gave the values shown in Table 4 . Statistically, the frequency of asialo-Tf was not evenly distributed as a function of age.
Discussion
The aim of this work was to investigate whether CZE of serum Tf isoforms would be a valuable alternative to the labor-intensive and time-consuming IEF for screening of CDG. CZE of serum Tf has been used for the diagnosis of chronic alcoholism (19, 20, 22, 27, 28 ) but much less in CDG (13, 29 ) . We performed a serum transferrin CZE separation on 792 samples, using the commercial CEofix-CDT assay as recommended by the manufacturer. The modification of the test procedure suggested by Legros et al. (20 ) was not applied because the majority of the analyses had been performed before the publication of that report. We mainly investigated three aspects: the visual appearance of the electropherogram, the identification of the separated sialotransferrins, and their distribution.
Although the variability of migration times in CZE may be largely reduced by the use of dynamically coated capillaries (30 ), variability remains significant over a longer period of time and after a large number of analyses (Fig. 1A) . Consequently, the use of real times in CZE is not appropriate. Fig. 5 shows the IEF and CZE profiles of two CDG patients, A and B, with unknown types of CDG. In the IEF profiles, lanes 1, 2, 3, and 4 represent the normal IEF pattern of four different reference individuals, whereas lanes A and B represent the patterns of the corresponding patients. Both CZE Tf profiles look rather similar, the three main Tf isoforms differing only in absorbance. In CZE profile A, the migration times are 5.35, 6.01, 6.14, 6.27, and 7.86 min for peaks S A , A1, A2, A3, and S B . In CZE profile B, the migration times are 5.20, 5.99, 6.12, 6.23, and 7.67 min for peaks S A , B1, B2, B3, and S B . The RMT A values for A1, A2, A3, B1, B2, and B3 are 0.26, 0.31, 0.37, 0.32, 0.37, and 0.42, respectively. Peaks A2 and A3 match most likely with peaks B1 and B2, which is in agreement with the IEF patterns.
RMT A values make the Tf profile independent of experimental variation such as length of the capillary or applied voltage, but the impact of the protein core remains unaffected. Fig. 6 shows the IEF and CZE profiles of two patients A and B and the mother (M) of patient A. The IEF and CZE profiles indicate that patient A and her mother have the same Tf protein variants.
In the present study, group A comprised all individuals with a Tf profiles showing a single tetrasialo-Tf isoform. Most of these profiles would be classified as normal on IEF. However, the variability of trisialo-Tf justifies the individualization of subgroups A2 and A3. At present the reason for this variability is not clear.
The frequency of asialo-Tf in the subgroups of group A as a function of age is shown in Table 4 . According to Arndt (26 ) , asialo-Tf is present at concentrations Ͻ0.5% of total Tf under physiologic conditions. The frequency observed in children under 1 year of age was significantly higher than in the older patients and in the parents. This is obviously not caused by increased alcohol intake. Both parents (one mother and one father) were healthy persons, and for the remaining five patients, the referring physicians reported no indications regarding alcohol intake.
An apparent increase of a-, mono-, and disialo-Tf observed by IEF may be less pronounced in CZE. In our opinion this may be a combined effect of sample amount and the detection system. In our IEF procedure, 0.2 L of serum is applied on the gel, whereas in CZE this is ϳ1 nL. Densitometry of the higher Tf isoforms may therefore be out of the linear range of the method, enhancing the importance of the smaller Tf isoform fractions. As shown in Fig. 1C , the CZE method separates the Tf isoforms. Using the mean and SD (Table 2) , we could calculate a confidence interval for each Tf isoform by which that isoform could be identified in the electropherogram. As shown in Fig. 4 , the 99% confidence intervals calculated for the Tf isoform in the reference group and the frequency distributions of the Tf isoform for different subgroups were superposed. It is remarkable that the RMT B of penta-and hexasialo-Tf remains constant regardless of the changes of the profile in the lower Tf isoforms. For several patients in subgroup C1, trisialo-Tf was outside the reference interval, whereas for Clinical Chemistry 50, No. 1, 2004 the others, as well as for the patients in subgroups C2 and C4, trisialo-Tf was located near the upper limit of the interval. Likewise, RMT B values for a-and monosialo-Tf in subgroup C1 seemed to be different from the corresponding values for subgroup C2. In our opinion, this is the limit of information that CZE can provide, and further investigation will require other techniques, such as glycan analysis.
A combination of "peak location" ( Table 2 ) and "peak distribution" (Table 3) can be used for data reporting. It must be kept in mind that full serum is used and that other compounds (endogenous or exogenous) can be detected in the Tf region. As seen in subgroup A4, we regularly observed small compounds located at the positions of mono-and disialo-Tf in CZE that were absent on IEF. Fig. 8 shows the IEF and CZE profiles of two patients with CDG-Ia (A and B) and a normal adult (M; mother of A). Profiles A and B were very similar, although the profile for patient A showed an additional peak (arrow) that was also present in the serum of the mother but absent on IEF. In a separate analysis, anti-human Tf was post-injected with the serum Tfs (profiles D and E from individuals A and M, respectively), and immunosubtraction was performed (20 ) . The additional peak remained in both profiles, indicating that the corresponding compound was not Tf. Therefore, and we consider this as an important rule, if the Tf isoform profile of a patient shows abnormal compounds in the Tf region, serum from the parents should also be investigated and an additional separation in the presence of anti-human Tf should be performed. Alternatively, IEF can be used. As shown in Fig. 2 and 3 , in CDG, a huge variability exists in Tf profiles. The Tf isoforms of interest for CDG are a-, di-, and trisialo-Tf, and they may all increase to a variable extent at the expense of tetrasialo-Tf. The values in Table 5 also reflect the variability of the distribution of these Tf isoforms. The maximum relative concentrations observed for a-, mono-, di-, and trisialo-Tf were 46.6%, In contrast to the IEF pattern, CZE profiles A and M show an additional peak (arrow) that is not present in CZE profile B. Separately, anti-human Tf was post-injected and showed that the unknown compound remained in CZE profiles D (patient A) and E (individual M).
8.2%, 58.5%, and 50.6%, whereas the minimum relative concentration for tetrasialo-Tf was 10.2%.
In summary, because all patients with confirmed CDG could be identified, CZE of serum Tf can be used as a diagnostic technique for the detection of CDG. In our experience, ϳ95% of the samples analyzed for serum Tf have a normal profile. CZE analysis with immunosubtraction, Tf IEF with immunoprecipitation, or glycan analysis should be performed only in the remaining 5%, if necessary. In addition, the possibility of automation may enable much more intensive screening for the known and the many unknown glycosylation disorders that await identification. 
